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Summary
Data are given concerning the increase in adhesion strength of fluorine-containing rubber 420-264V/5 based on SKF-264/8 and composite F4S25 based on polytetrafluoroethylene containing 25 wt% glass fibre. It is shown that the adhesion strength is increased by additional treatment of the fluorine-containing rubber with IR radiation, and also by magnetotron and thermal sputtering of aluminium.
The unique combination of properties of fluorine-containing polymers determines their wide use in engineering and medicine. Corrosion-resistant and bioinert tubing, arteries, seals, and prostheses are produced from them. Articles manufactured from fluorine-containing polymers possess an important combination of properties (hardness, density, strength, elasticity, body, and flexural stability) and are used as unit parts because they possess low swellability in vegetable oils, hydrocarbons, alcohols, and acids. In sectional structures of elastic rubber and skeletal thermoplastic, use is normally made of fluorinecontaining copolymers based on tetrafluoroethylene (TFE), hexafluoropropylene (HFP), and vinylidene fluoride (VF), and also composites based on them [1, 2] . For such structures, a high adhesion of the fluorine-containing rubber to polytetrafluoroethylene (PTFE) is needed to eliminate their separation into layers during service. Owing to features of its structure, PTFE is chemically inert and has high thermal stability, but it possesses low adhesion to most materials. To increase the adhesion of PTFE to fluorine-containing rubber, use is made of chemical and physical methods of surface treatment of PTFE (thermal, radiation, and mechanical methods) [1, 2, 6] .
The aim of this investigation is to determine the adhesion strength of peroxide-vulcanised, fluorinecontaining rubber and PTFE.
The investigation was conducted on fluorinecontaining rubber 420-264V/5 based on SKF-264V/5 and F4S25 based on PTFE containing 25 wt% glass fibre. This combination of materials is normally used in the seals of rotating shafts.
The chemical modification of the surface of F4S25 was carried out by immersing specimens into a sodium-naphthalene complex in tetrahydrofuran. 3-Aminopropyltriethoxysilane (AGM-9) was used as an additional modifier of glass fibre. For fluorine-containing rubber 420-264V/5, the physical methods used for surface modification were the treatment of the rubber with an IR laser and the application of a thin film of aluminium by magnetron and thermal sputtering in vacuum.
For IR irradiation of the specimen, use was made of a unit based on a YAG laser with diode excitation, operating in a modulated energy factor regime, with a pulse-following frequency of 30 kHz and a pulse duration of 120 ns (NPF Pribor-T, Saratov) in air, with a duration of treatment of 1-3 min. On exposure to radiation, the surface of the rubber undergoes local thermolysis and is purified of impurities, and it is hydrophilised.
Magnetron sputtering of aluminium was carried out at NPF P'ezon (Saratov State Technical University, Saratov). High-purity argon was used as the ion-forming gas. The magnetron sputtering system is based on a VUP-4 universal vacuum bridge. The sputtering of aluminium was conducted at a pressure of the order of 10.7 Pa, the potential difference between cathode and anode was 600 V, and the metal film growth rate was 1.66 nm/s.
The thermal sputtering of aluminium was carried out on a URM 3.279.028 vacuum sputtering unit. This unit is equipped with a system for heating the evaporated material by bombarding the crucible holding the substance with electrons emitted by a tungsten cathode. This heating scheme ensures high uniformity of the metal melt temperature and smoothness of control of the sputtering rate [3, 4] . In the metal part of the chamber, a valve is provided for metal sputtering. Once the crucible has been heated to the melting point of the metal, the valve is closed, which prevents low-melting impurities and contaminants and oxides contained on the surface of the metal from getting onto the substrate. The thickness of the metal layer applied on the rubber base is of the order of 0.35 µm. Growth of the metal layer on the substrate occurs by the deposition of separate metal atoms, which promotes good filling of the porous surface of the rubber base. Besides this, metal atoms evaporated from the crucible possess considerable kinetic energy governed by the high temperature of the melt and the rarefaction in the working volume of the unit, which ensures a long free path. The residual pressure of gases in the working volume of the unit during sputtering was of the order of 5 × 10 −3 Pa. The high energy of the particles of metal deposited on the rubber base can promote processes of adsorption and activation of chemical interactions of the base and the applied coating. Preparation of the base for sputtering was done by wiping the rubber with a madapolam cloth wetted with very pure acetone.
Repeated frustrated total internal reflection (FTIR) infrared spectra were taken on a Nicolet 6700 IR Fourier spectrometer (Thermo Scientific, USA). To assess the strength of adhesion interaction, the force necessary to separate layers of rubber 420-264V/5 and F4S25 was determined. The method essentially consists in delamination of the specimen and determination of the force needed to separate the two tested layers from each other [5] .
In the surface treatment of the rubber by IR laser and by magnetron sputtering of aluminium, it seems that, apart from the defluorination of the polymer chain of fluorine-containing rubber SKF-264V/5 and the formation of double bonds, dehydrofluorination also occurs in the macromolecule of the copolymer, which is borne out by the appearance in the IR spectrum of absorption bands (n s = 1599-1590 cm −1 , n as = 1417-1409 cm −1 ) corresponding to vibrations of the C=C bond of the (F)C=C fragment ( Figure 1) . As silicon dioxide (or wollastonite) is used as filler for the rubber compounds, in the case of the scorching of fluorine-containing rubber by the IR laser, a broad band is observed at 1000-1200 cm −1 in the region of SiO 2 absorption, because the concentration of the given filler on the surface increases, and its vibrations appear in the repeated FTIR spectra.
In the rubber specimen, after thermal decomposition of aluminium, bands of vibrations appear at 1180.9 and 880.8 cm −1 , the intensity of the 943.4, 925.7, 794.6, and 772.6 cm −1 bands increases, and a shoulder appears at 713.3 cm
. In the IR spectra of AlF 3 , according to published data [6] , there are absorption bands in the 655-750 cm −1 range. For example, deconvolution of the broad absorption band with a maximum at 670 cm . Thus, we will assign the 713.3 and 880.8 cm −1 absorption bands appearing in the IR spectrum of the rubber specimen after thermal decomposition of aluminium, and also, evidently, the absorption band at 1180.9 cm −1 , to vibrations of aluminium fluoride, and the corresponding displacements of the bands in relation to the amorphous aluminium fluoride specimen described in the literature to the influence of the polymer matrix.
X-ray diffraction analysis indicates the presence of peaks characteristic of the crystalline phase of aluminium, and also the appearance of new signals characteristic of the crystalline phase of aluminium fluoride. Diffraction patterns of a rubber specimen with magnetotron and thermally sputtered aluminium are presented in Figure 2 . The formation of AlF 3 on the surface of fluorine-containing rubber can be explained by reactions of defluorination and dehydrofluorination of the polymer chain of the fluorine-containing rubber.
Analysis of the chemical composition of the surface of the rubber indicates that its treatment with aluminium with a thickness of up to 10 nm leads to the formation of AlF 3 ; with a coating thickness of over 25-30 nm, the aluminium content increases, and the AlF 3 content decreases. On the basis of the conducted analysis of AFM micrographs it can be concluded that, as a physical method for surface modification, the treatment of fluorine-containing rubber 420-264V/5 by applying a thin layer of aluminium by magnetron and thermal sputtering makes it possible to reduce the roughness parameters. The initial roughness of untreated rubber is of the order of 30 nm; with magnetron sputtering the roughness decreases to 19 nm, and with thermal sputtering it decreases to 24 nm. Table 1 gives data on determining the adhesion strength of fluorine-containing rubber and F4S25.
Analysis of the results indicates satisfactory adhesion of modified specimens of PTFE to rubber. The adhesion strength increases considerably (10-12-fold) when chemically modified PTFE is used.
Rubber-F4S25 adhesion after chemical treatment of the F4S25 is greater than the adhesion of specimens with unmodified F4S25 both on account of defluorination of the surface of the fluoroplastic and on account of hydrophobisation of the surface of the glass by aminosilane. AGM-9, as a bifunctional compound, ensures chemical interaction between the rubber matrix and PTFE of grade F4S25.
Thus, we have determined the adhesion strength of fluorine-containing rubber 420-264V/5 based on SKF-264/8 and composite F4S25 based on PTFE containing 25 wt% glass fibre. Increase in adhesion by additional treatment of the fluorine-containing rubber with IR radiation, and also by magnetron and thermal sputtering of aluminium, has been shown.
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